The rise of bacterial resistance against important drugs threatens their clinical utility. Fluoroquinones, one of the most important classes of contemporary antibiotics has also reported to suffer bacterial resistance. Since the general mechanism of bacterial resistance against fluoroquinone antibiotics (e.g. ofloxacin) consists of target mutations resulting in reduced membrane permeability and increased efflux by the bacteria, strategies that could increase bacterial uptake and reduce efflux of the drug would provide effective treatment. In the present study, we have compared the efficiencies of ofloxacin delivered in the form of free drug (OFX) and as nanoparticles on bacterial uptake and antibacterial activity. Although both poly(lactic-co-glycolic acid) (OFX-PLGA) and methoxy poly(ethylene glycol)-b-poly(lactic-co-glycolic acid) (OFX-mPEG-PLGA) nanoformulations presented improved bacterial uptake and antibacterial activity against all the tested human bacterial pathogens, namely, Escherichia coli, Proteus vulgaris, Salmonella typhimurium, Pseudomonas aeruginosa, Klebsiella pneumoniae and Staphylococcus aureus, OFX-mPEG-PLGA showed significantly higher bacterial uptake and antibacterial activity compared to OFX-PLGA. We have also found that mPEG-PLGA nanoencapsulation could significantly inhibit Bacillus subtilis resistance development against OFX.
Introduction
The fluoroquinolone derivative ofloxacin (OFX) is a racemic mixture, which consists of 50% levofloxacin (the biologically active component) and 50% of its enantiomer dextrofloxacin. It inhibits bacterial multiplication by interacting with type II topoisomerases (i.e. gyrase and topo IV) that are involved in the replication and repair of bacterial DNA [1] . Since type II topoisomerases are found in most of the bacteria, ofloxacin serves as a broad-spectrum antibiotic [2] [3] [4] . Ofloxacin is currently used in the treatment of pneumonia, chronic bronchitis, urinary tract infection and certain sexually transmitted diseases [5] [6] [7] . However, several disease-causing bacteria have already gained resistance against this class of antibiotics, invalidating its clinical use [8, 9] . Hence, delivery strategies of antibiotics with improved efficacy and avoidance of resistance are highly desirable.
In order to develop fluoroquinolone resistance, Gram-negative bacteria adopts mechanisms such as, decreased outer membrane permeability to limit the cellular entry and increased efflux pumps activity to extrude quinolones that gained access to the cytoplasmic membrane [10] . In this context, altering the level of porin1a (OmpF) in the outer membrane, a protein that is known to regulate membrane permeability and passive diffusion, has been shown to confer antimicrobial resistance in many Gram-negative bacteria [11] . Whereas, Gram-positive bacteria (example: Bacillus subtilis) develop drug resistance by expressing drug transporters (bmr) and by targeted mutation mechanisms (gyrA and parC) in response to antibiotic pressure [12] . Hence, exploring the possibility of http://dx.doi.org/10.1016/j.colsurfb.2015.04.050 0927-7765/© 2015 Elsevier B.V. All rights reserved.
improving the bacterial uptake of fluoroquinolone and inhibiting its efflux system is a rational strategy to challenge bacterial resistance.
Utilization of antibacterial nanoparticles is an appropriate and attractive way to fight bacterial resistance. Nanoparticles are submicron-size carrier systems composed of natural or synthetic polymers with the size range of 10-1000 nm in which the drug may be dissolved, entrapped, encapsulated, or attached [13] . Poly(d,l-lactic-co-glycolic acid) (PLGA) is a widely used polymer for nanoencapsulation and is considered highly safe for systemic administration because it is completely metabolized by the body and approved by the FDA [14] . The final degradation products such as lactic and glycolic acids of this polymer are also totally safe, as they are either excreted by the kidney or enter the Krebs' cycle and eventually eliminated as carbon dioxide and water [15] . The other polymer used in this study is methoxy poly(ethylene glycol)b-poly(lactic-co-glycolic acid) (mPEG-PLGA), which is a diblock copolymer, containing a methoxy end-capped hydrophilic PEG block and a hydrophobic block composed of PLGA. Since PEG has the ability to bind DNA [16, 17] and block drug efflux pumps [18, 19] , we hypothesize that by utilizing mPEG-PLGA nanoparticles, it is possible to improve the efficiency of OFX by delivering it at the site of action while inhibiting its extrusion.
To test this hypothesis, we compared the efficacy of PLGA and mPEG-PLGA nanoparticles loaded with OFX on in vitro bacterial uptake and antibacterial activity. Based on the results obtained in the present study, we conclude that mPEG-PLGA encapsulated OFX nanoparticles significantly improves bacterial uptake and bactericidal activity. Notably, this nanoformulation also delayed the development of bacterial resistance, compared to the free drug and PLGA nanoformulation. The possible role of PEG in bacterial uptake and inhibition of bacterial resistance is discussed.
Materials and methods

Chemicals and reagents
Ofloxacin (OFX) was obtained from Orchid Chemicals and Pharmaceuticals (Chennai, India). Poly(d,l-lactic-co-glycolide) (PLGA; molar ratio of 50:50, MW − 50,000), monomethoxy poly(ethylene glycol) (mPEG, MW − 2000), Poly(vinyl alcohol) (PVA) and acetic acid were purchased from Sigma−Aldrich (USA). Sodium hydroxide, phosphate buffer, potassium dihydrogen phosphate, methanol and acetone were acquired from Merck Laboratory Reagents (Germany). All reagents used in this study were analytical grade.
Preparation of ofloxacin nanoparticles
Initially, mPEG-PLGA copolymer was prepared by ring-opening polymerization of PLGA and mPEG in the presence of stannous octanoate as a catalyst. Briefly, 5 g of PLGA, 5 g of mPEG, and catalyst (0.1%) were added into a 50 ml dried glass reactor. The mixture was heated to reflux with magnetic stirring under a flow of nitrogen for 18 h and then cooled to room temperature. The reaction product was dissolved in chloroform, and precipitated with an excess of methanol/diethyl ether to obtain a white emulsion. After the evaporation of solvent from emulsion, the resulting aqueous solution was lyophilized to yield the product as a white powder [20] .
OFX encapsulated mPEG-PLGA (OFX-mPEG-PLGA) and PLGA (OFX-PLGA) nanoparticles were prepared by emulsion solvent evaporation method [21] . Briefly, 100 mg of mPEG-PLGA or PLGA and 10 mg of OFX were dissolved in 5 ml of chloroform (organic phase). This solution was maintained covered on an ice bath to avoid evaporation and added drop by drop to 50 ml aqueous phase containing 2% PVA while homogenizing at 18,000 rpm (IKA T 25 Ultra Turrax ® homogenizer). After removing chloroform from the mixture by magnetic stirring at room temperature, the suspension was centrifuged at 20,000 rpm for 15 min to pellet down the nanoparticles. Nanoparticle pellet was washed three times with ultra-pure water to remove any free drug. After confirming that the wash solution is free of drug, nanoparticles were freeze-dried and stored at 4 • C. Coumarin 6-loaded PLGA and mPEG-PLGA nanoparticles (COU-PLGA and COU-mPEG-PLGA) were prepared following the same procedure to investigate bacterial uptake of nanoparticles by flow cytometry and fluorescence microscopy.
Physicochemical characterization
Particle size, polydispersive index and zeta potential of nanoparticles were determined using a Zetasizer (Zetasizer nano ZS, Malvern Instruments, UK). Morphological characteristics of the nanoparticles were confirmed by transmission electron microscopy (TEM, JEOL-1400, 902A Jeol Ltd.) after negative staining with sodium phosphotungstate solution (2%, w/w). The surface morphology of nanoparticle was studied by atomic force microscopy (AFM). AFM images were recorded using tapping mode in air on a Multi-mode Nanoscope IIa instrument equipped with a J scanner (Veeco Instruments, Santa Barbara, USA) and silicon nanoprobes (NCHV, Veeco). NanoScope software version 4.43r8 was used for image processing.
Drug content and encapsulation efficiency
Briefly, 20 mg of drug loaded nanoparticles was dissolved in 2 ml of dichloromethane. To this, 5 ml of phosphate buffered saline (PBS, pH 7.4) was added, thoroughly mixed and centrifuged at 10,000 rpm to pellet the debris. Absorbance of the aqueous phase was read in a UV-vis spectrophotometer (Shimadzu UV-1700) at 294 nm using PBS as blank to determine the drug content from a standard graph as described before [22] . The percentage of encapsulation efficiency (EE%) and drug content (DC%) of nanoparticles was determined using the following formula:
EE% =
Weight of encapsulated drug Weight of drug used × 100 DC% = Weight of encapsulated drug Weight of nanoparticles × 100
In vitro drug release
OFX loaded PLGA and mPEG-PLGA nanoparticles were tested for in vitro drug release. Briefly, 10 mg of each lyophilized samples were suspended in 2 ml of PBS and transferred into a dialysis bag (MWCO 12,000-14,000 Da). The dialysis bag was then placed into a 100 ml bottle containing 50 ml of PBS that was stirred at 100 rpm at 37 • C. From the bottle, 1 ml sample was withdrawn for every 1 h interval until 36 h. After each withdrawal, 1 ml of PBS was added to compensate the withdrawn sample and to maintain the original volume [15, 23] . Drug in the collected samples were analyzed for drug content.
Bacterial uptake of nanoparticles
Flow cytometry analysis and confocal microscopy were performed to study the bacterial uptake of mPEG-PLGA and PLGA nanoparticles. Briefly, 0.5 g of each COU-PLGA and COU-mPEG-PLGA nanoparticles were added to 1 ml of E. coli culture at exponential phase. After 2 h of co-incubation, bacteria were pelleted down by centrifugation (8000 rpm). To get rid of free nanoparticles, the bacterial pellet was washed several times with sterile distilled water. After confirming by fluorescent microscopy that there is no nanoparticle left in the supernatant, bacterial pellet was resuspended in 1 ml of sterile distilled water. The fluorescent intensity of bacterial cells was observed in an Epics ® XLTM cytometer (Beckman Coulter) equipped with an argon-ion laser emitting a 488 nm beam at 15 mW. Green fluorescence was collected through a 488 nm blocking filter, a 550 nm long-pass dichroic and a 225 nm band-pass filter. Approximately 20,000 cells of each sample were analyzed. Data were analyzed and histograms were made using Flowing Software (version 2.5). In addition, to understand the localization of nanoparticles inside the bacteria, bacterial cells were observed under confocal microscope equipped for photography and images were taken.
Quantification of OFX accumulation in E. coli
Drug accumulation in bacteria was quantified by the method described by Furneri et al. [5] with modification. Briefly, 200 ml of E. coli culture at stationary phase (1.3 OD at 600 nm) was pelleted down and gently re-suspended in 20 ml PBS. The bacterial suspension was equilibrated at 37 • C with agitation and 20 g/ml OFX or equivalent nanoformulations was added. At pre-determined time intervals, 0.5 ml bacterial suspension was withdrawn and transferred to Eppendorf tubes containing 1 ml of chilled PBS, pelleted by centrifugation at 8000 rpm at 4 • C. After washing with PBS for 3 times, the pellet was resuspended in 1 ml of 0.1 M glycine hydrochloride (pH 3). After overnight digestion, lysate was centrifuged to pellet the debris and the clear supernatant was analyzed for OFX content as mentioned in Section 2.4. Initially, E. coli growth kinetics was measured in the presence of OFX in the form of free drug and nanoparticles to understand their effect on bacterial multiplication. For this, equivalent concentration of OFX in the free drug form and nanoparticles (OFX-PLGA and OFX-mPEG-PLGA) were added to 50 ml of Luria-Bertani (LB) medium. By adding 100 l inoculum, cultures were initiated and maintained at 37 • C with continuous agitation at 200 rpm. Controls such as water (equal to the volume of OFX), empty mPEG-PLGA and empty PLGA respective to the concentration of drug-loaded nanoparticles were maintained. Samples (1 ml) were taken after different time intervals and the OD was read at 600 nm using LB medium as blank.
Antimicrobial activity against human pathogens
Antimicrobial activity of nanoformulations was tested against many important human pathogenic bacteria (E. coli, Pseudomonas aeruginosa, Proteus vulgaris, Salmonella typhimurium, Klebsiella pneumoniae and Staphylococcus aureus). Briefly, 25 g/ml equivalent OFX in the form of nanoparticles or free drug were added to overnight bacterial broth. Corresponding water control and empty nanoparticles (PLGA and mPEG-PLGA) control were also maintained. After 24 h, cultures were serially diluted and spread on LB plates. After 2 days of incubation at 37 • C, the number of colony forming units (CFU) were counted and antibacterial activity was calculated as log 10 CFU/ml using the formula: (log 10 CFU/ml) = log 10 CFU/ml (control) − log 10 CFU/ml (treatment).
Bacterial resistance development against OFX
In order to clearly differentiate the effect of nanoformulations from the free drug, we used B. subtilis to test the development of resistance against OFX because this bacterium suffered bacteriostatic and bactericidal effect when treated with OFX-PLGA and OFX-mPEG-PLGA, respectively, but did not display any effect against free OFX (Supplementary data S1). Moreover, B. subtilis has been robustly characterized for the presence of potential drug efflux transporters and MDR-like transporters [12, 24] , making it a valuable tool to study the development of drug resistance.
Agar well diffusion method was used. Briefly, 100 l of B. subtilis culture was spread on LB plates. Three wells were made in each plate with the help of sterile cut pipet tips. To each well, 25 g drug equivalent nanoparticles or free drug was introduced. Culture plates were incubated at 37 • C and the inhibition zones were observed for the development of colonies after 12, 24, 36 and 60 h. To check whether nanoparticles could diffuse in the semisolid medium, COU-PLGA and COU-mPEG-PLGA loaded wells were tracked by fluorescent microscopy.
Statistical analysis
Data were analyzed by Graph Pad Prism6 software (GraphPad, USA). Results are expressed as the means of three replications ± standard deviation (SD). Statistical significance between treatments was analyzed by one-way ANOVA followed by Bonferroni's Multiple Comparison Test.
Results
Characterization of mPEG-PLGA copolymer
mPEG-PLGA copolymer was synthesized from lactide and glycolide in the presence of mPEG2000; whose hydroxyl group could initiate the ring opening polymerization of lactide and glycolide. Synthesized copolymer mPEG-PLGA was characterized by 1HNMR spectra (Supplementary data S3). The large peak at ı 3.61 ppm in 1HMNR of mPEG-PLGA (S3.1A) corresponds to the methylene protons of mPEG (S3. 1C), compared to PLGA (S3. 1B), while the integrated signals around ı 1.56 ppm (S3. 1A) are due to the methyl protons of the d-and l-lactic acid repeat units. The characteristic peaks of lactic acid CH protons at ı 5.2 ppm (S3. 1A) and glycolic acid CH2 protons at ı 4.8 ppm (S3. 1A) confirm the successful synthesis of mPEG-PLGA copolymer.
Characteristics of nanoparticles
As seen in the TEM image, both OFX-PLGA and OFX-mPEG-PLGA nanoparticles exhibited a smooth spherical shape ( Fig. 1A  and B ). AFM analyses revealed that although OFX-PLGA nanoparticles were heterogeneous in their size (Fig. 1C) , OFX-mPEG-PLGA nanoparticles are uniformly sized (Fig. 1D) , Comparatively, PLGA based nanoparticles were larger and had a higher zeta potential than mPEG-PLGA based nanoparticles (Supplementary data S2). No aggregation or adhesion was observed in both of these nanoparticles.
Bacterial uptake of nanoparticles
No fluorescence was detected in the histogram of control E. coli cells ( Fig. 2A) . On the other hand, E. coli cells treated with COU-PLGA and COU-mPEG-PLGA nanoparticles showed significant fluorescence in the flow cytometry histogram ( Fig. 4B and C) . Histograms further revealed that COU-mPEG-PLGA nanoparticles were more efficiently up taken (94%, Fig. 2C ) than COU-PLGA nanoparticles (71%, Fig. 2B ).
To further characterize the internalization of nanoparticles by E. coli, COU-mPEG-PLGA and COU-PLGA treated bacterial samples were analyzed by confocal microscopy. A bright field image of E. coli cells is shown in Fig. 2D . Fluorescent images taken at various planes revealed that only a few bacterial cells internalized COU-PLGA nanoparticles in a low frequency ( Fig. 2E) . Whereas, 95% of bacterial cells have up taken COU-mPEG-PLGA nanoparticles in a higher frequency of 4-10 particles per bacterial cell (Fig. 2F ). Collectively our results indicate that mPEG-PLGA nanoencapsulation is highly efficient in terms of bacterial uptake.
Encapsulation efficiency, drug content and drug release profile
Drug encapsulation efficiencies of OFX-PLGA and OFX-mPEG-PLGA nanoparticles were 47% and 58%, respectively. Estimation of drug content revealed that both OFX-PLGA and OFX-mPEG-PLGA formulations contained 20 g OFX/mg nanoparticle. Drug release was significantly different between the free drug and naoparticulate forms (P < 0.05). Both nanoformulations showed an initial burst release up to 3 h and subsequent steady release (Fig. 3A) . Although drug release was not significantly different between PLGA and mPEG-PLGA nanoparticles at the tested time points, the later showed an extended release. For instance, while OFX-PLGA nanoparticles released 99% drug within 24 h, OFX-mPEG-PLGA nanoparticles released 96% of the encapsulated drug in 36 h (Fig. 3A) .
Intracellular drug concentration in E. coli treated with free drug and drug-loaded nanoparticles
Although OFX uptake was not statistically different between free drug and OFX-PLGA treated cultures until 300 s, it was significantly different at 600 s (P < 0.05). Drug uptake by bacterial cultures treated with OFX-mPEG-PLGA was significantly different from free drug and OFX-PLGA at all the time points tested (P < 0.05). In the case of free drug treatment, the maximum drug concentration (4.15 g/ml bacteria) was reached at 60 s post treatment and thereafter declined. Bacteria treated with OFX-PLGA attained a plateau of drug uptake (4.1 g/ml bacteria) in 300 s. Interestingly, drug concentration in OFX-mPEG-PLGA treated bacteria reached 5.59 g/ml in 300 s and still kept increasing (Fig. 3B ).
Growth kinetics of E. coli in the presence of free drug and nanoparticles
Up to 3 h post inoculation, the bacterial multiplication rate was more or less similar in control and treatments (OFX, OFX-PLGA and OFX-mPEG-PLGA). However, at 6 h a significant difference in the multiplication rate could be observed (Fig. 3C) . Control cultures supplied with water or empty nanoparticles continued to multiply in an exponential phase reaching about 1.0 OD at 24 h. The bacterial multiplication rate in cultures treated with free drug and OFX-PLGA nanoparticle was more or less similar reaching an OD of 0.4 at 24 h. Interestingly, cultures treated with OFX-mPEG-PLGA nanoparticles stayed almost unchanged throughout incubation, indicating stronger inhibition of bacterial multiplication by this nanoformulation.
Antibacterial activity
When the antibacterial activity of nanoparticles (OFX-PLGA and OFX-mPEG-PLGA) and free drug (OFX) was tested in clinically important human pathogenic bacteria (E. coli, P. aeruginosa, P. vulgaris, S. typhimurium, K. pneumoniae and S. aureus), free OFX showed the least antibacterial activity against all the tested bacteria ( Fig. 4 , Supplementary data S1). Compared to OFX-PLGA, OFX-mPEG-PLGA showed significantly higher antibacterial activity against all the tested bacteria. In the case of S. aureus, although OFX-mPEG-PLGA displayed higher potential than OFX-PLGA ( Fig. 4 ), no statistical significance was observed (Supplementary data S1).
Inhibition of bacterial resistance development in B. subtilis
Resistance development against OFX was analyzed in B. subtilis by zone inhibition assay ( Fig. 5 ). At 24 h of incubation, the inhibition zone was higher in OFX-mPEG-PLGA treated wells (22.8 mm) than OFX-PLGA (15.0 mm) and free drug (19.2 mm). In spite of inhibition, tiny bacterial colonies could be seen inside the inhibition zone of OFX-PLGA (Fig. 5B) , indicating that B. subtilis has already developed resistance against this treatment. On the other hand, the inhibition zones produced by OFX-mPEG-PLGA and free drug stayed clear by 24 h of incubation ( Fig. 5A and C) . By 60 h of incubation, numerous colonies developed within the inhibition zones of free drug and OFX-PLGA treatment (Fig. 5D and E) . Whereas, no colonies could be seen in the OFX-mPEG-PLGA inhibition zone even after prolonged incubation, witnessing its long lasting bactericidal effect and prevention of resistance development.
Fluorescent imaging of wells loaded with COU-PLGA and COU-mPEG-PLGA after 2 h showed efficient diffusion of these nanoparticles in the agar medium (Supplementary data S4).
Discussion
As in the case with any other antibacterial agents, the rise in quinolone resistance threatens the clinical utility of this important drug class [25] . Global surveillance studies demonstrates that the rate of fluoroquinolone resistance increased in the past years in almost all bacterial species [26, 27] , pointing to the imperative need for developing alternative strategies to avoid bacterial resistance. In this study, we have developed OFX-mPEG-PLGA nanoparticles that show higher antibacterial activity combined with an ability to inhibit bacterial resistance development, compared to OFX-PLGA nanoparticles and free OFX. Along with efficient bacterial uptake (Fig. 2) , sustained release ( Fig. 3A) and strict control of bacterial growth (Figs. 3C and 4), we also attribute some unappreciated features of PEG for the enhanced activity of OFX-mPEG-PLGA nanoparticles.
In addition to the amphiphilic nature, smooth surface and uniform size of mPEG-PLGA nanoparticles ( Fig. 1 and Supplementary data S2), one of the unnoticed features of PEG might also have facilitated its effective uptake by the bacteria. Much before its application in nanoformulations, PEG was used in bacterial/yeast transformations, where it presumably improves membrane permeability and thus bacterial competence to uptake foreign DNA from its surrounding environment [28] . In this context, PEGylation could have increased bacterial membrane permeability, allowing the accumulation of mPEG-PLGA nanoparticles inside the cells more than PLGA nanoparticles. Correspondingly, drug accumulation was also higher in bacterial cultures treated with OFX-mPEG-PLGA than OFX-PLGA nanoparticles (Fig. 3B) . The increased uptake of drug-loaded mPEG-PLGA nanoparticles and subsequent drug accumulation should have contributed to the efficient antibacterial activity ( Figs. 3C and 4) . Accordingly, enhanced bacterial uptake of OFX loaded bioadhesive hydrogels or OFX-containing Eudragit E100 ® dispersions were reported to increase bactericidal properties against P. aeruginosa [29, 30] . In the present study, OFX-mPEG-PLGA nanoparticles consistently showed better bactericidal activity against all the tested pathogenic bacterial strains, as revealed by the severe reduction in the number of colonies than the free drug or OFX-PLGA nanoparticles ( Fig. 4 and Supplementary data S1).
Another uncredited property of PEG is its ability to bind DNA [16, 17] and this could also be accounted for the efficiency of OFX-mPEG-PLGA nanoparticles, because OFX encapsulated in these nanocarriers might have been delivered at the DNA, where it could act on the topoisomerases and DNA gyrase. In addition, higher encapsulation efficiency (10% more than PLGA nanoparticles) and sustained release (Fig. 3A) of mPEG-PLGA nanoparticles should also be the reasons for its higher antibacterial efficacy.
Our results further showed that OFX-mPEG-PLGA nanoparticles were able to challenge the development of B. subtilis resistance compared to the free drug and OFX-PLGA nanoparticles (Fig. 5 ). In fact, extrusion of antibiotics by the membrane transporters called, efflux pumps are a widely accepted mechanism for bacterial drug resistance [31] . It should be noted that in B. subtilis multidrug efflux transporter bmr is reported to be responsible for clinically relevant resistance to fluoroquinolones [32] and it is also demonstrated that overexpression of bmr provided strong resistance to fluoroquinolones [33] . Since efflux pumps are a common mechanism utilized by both eukaryotic and prokaryotic cells to eliminate antibiotics [34, 35] , employing efflux pump inhibitor along with antibiotic is a wiser way to minimize the antibiotic extrusion. PEG has been previously shown to inhibit efflux pumps at the concentration of 0.1-20% [18] . Inhibition of efflux pumps by PEG 300 was shown to be mediated by changes in the microenvironment of Caco-2 cell membrane [19] . Thus, the improved antibacterial activity and minimized bacterial resistance of OFX-mPEG-PLGA nanoparticles observed in our study might also be due to the fact that PEG is an efflux pump inhibitor. We have summarized our observations in association with previous reports in a form of a scheme, which may explain the efficiency of OFX-mPEG-PLGA over OFX-PLGA nanoparticles (Fig. 6 ). The membrane permeabilizing nature of PEG would facilitate enhanced entry of OFX-mPEG-PLGA nanoparticles inside the bacteria compared to the free dug and PLGA formulation. Once inside the bacteria, OFX-mPEG-PLGA nanoparticles could deliver OFX right at the site of action because of the DNA binding potential of PEG, which could have prevented the development of targeted mutations that generally contribute to resistance in B. subtilis. Moreover, hydrolytically cleaved mPEG from the nanoparticles could serve as efflux pump inhibitor, preventing the clearance of drug from the cell. Thus, the intracellular drug bound to DNA would act on the topoisomerases and DNA gyrase and inhibit bacterial DNA replication resulting in the arrest of bacterial multiplication. On the other hand, PLGA from the OFX-PLGA nanoparticles would have been degraded into lactic and glycolic acids that can be metabolized by the bacteria while releasing the drug in the cytoplasm, making it an easy target for extrusion by the efflux pumps (Fig. 6 ).
In conclusion, the PEGylated ofloxacin nanoparticle delivery system described in this study can be an interesting tool to treat local bacterial infections. PEGylation is commonly used to increase the circulatory time of the associated drug as it has been demonstrated for vancomycin in Murine model [36] . These authors showed that PEGylated liposomal encapsulation of vancomycin significantly prolonged its circulation time, compared to its standard and non-PEGylated formulations, improving its efficacy to treat pneumonia [36] . Since PEGylated nanoparticles can dramatically decrease opsonin adsorption and macrophage uptake due to the 'stealth' effect [37] , PEGylated ofloxacin nanoparticles could be exploited for systemic administration as well.
